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internal combustion engines is carried out. There are a number of key areas surrounding this question, 
three of which are safety, economics and efficiency and emissions. Each of these issues was examined 
using the available literature. It can be seen that it is only with emissions that a clear difference appears 
and then hydrogen shows an advantage over methanol. This literature study will help any researcher to 
do further research easily by following all papers collected and listed under reference. 
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I. INTRODUCTION 
A survey of research papers on utilization of natural 
gas–hydrogen mixtures in internal combustion 
engines is carried out. There are a number of key 
areas surrounding this question, three of which are 
safety, economics and efficiency and emissions. 
Each of these issues was examined using the 
available literature. It can be seen that it is only with 
emissions that a clear difference appears and then 
hydrogen shows an advantage over methanol. The 
search for new technologies and fuels has been 
driven by regulators, not the marketplace. Absent 
regulation, most consumers would demand larger, 
more powerful vehicles, ignoring fuel economy and 
emissions of pollutants and greenhouse gases; the 
vehicles that get more than 35 mpg make up less 
than 1% of new car sales. Federal regulators require 
increased vehicle safety, decreased pollution 
emissions, and better fuel economy. In addition, 
California and Canadian regulators are concerned 
about lowering greenhouse gas emissions. Many 
people worry about the US dependence on imported 
petroleum, and people in both countries desire a 
switch from petroleum to a more sustainable fuel. 
Particular attention is given to strategies that would 
enhance the prospects that the hydrogen fuel cell car 
would eventually become the Car of the Future, 
while pursuing innovations relating to options based 
on internal combustion engines that would both 
assist a transition to hydrogen fuel cell cars and 
provide significant reductions of externality costs in 
the near term. This literature study will help any 
researcher to do further research easily by following 
all papers collected and listed under reference. 
1. Internal combustion engines fueled by natural 
gas—hydrogen mixtures (S. Orhan Akansu, 
Zafer Dulger, Naiz Kahraman, T. Nejat 
Veziroģlu, 2004) 
In this study, a survey of research papers on 
utilization of natural gas–hydrogen mixtures in 
internal combustion engines is carried out. In 
general, HC, CO2, and CO emissions decrease with 
increasing H2, but NOx emissions generally 
increase. If a catalytic converter is used, NOx 
emission values can be decreased to extremely low 
levels. Consequently, equivalence zero emission 
vehicles (EZEV) standards may be reached. 
Efficiency values vary with H2 amount, spark 
timing, compression ratio, equivalence ratio, etc. 
Under certain conditions, efficiency values can be 
increased. In terms of BSFC, emissions and BTE, a 
mixture of low hydrogen percentage is suitable for 
using. 
2. Hydrogen and methanol: a comparison of 
safety, economics, efficiencies and emissions 
(Kerry-Ann Adamson, Peter Pearson, 1999) 
Fuel cell cars will appear on the market early in the 
next century. A question still remains — whether 
these vehicles will store onboard, hydrogen or, the 
hydrogen-rich carrier, methanol. There are a number 
of key areas surrounding this question, three of 
which are safety, economics and efficiency and 
emissions. Each of these issues was examined using 
the available literature. It can be seen that it is only 
with emissions that a clear difference appears and 
then hydrogen shows an advantage over methanol. 
3. Evaluating automobile fuel/propulsion system 
technologies (Heather L. MacLean, Lester B. 
Lave, 2002) 
The authors examine the life cycle implications of a 
wide range of fuels and propulsion systems that 
could power cars and light trucks in the US and 
Canada over the next two to three decades ((1) 
reformulated gasoline and diesel, (2) compressed 
natural gas, (3) methanol and ethanol, (4) liquid 
petroleum gas, (5) liquefied natural gas, (6) Fischer–
Tropsch liquids from natural gas, (7) hydrogen, and 
(8) electricity; (a) spark ignition port injection 
engines, (b) spark ignition direct injection engines, 
(c) compression ignition engines, (d) electric motors 
with battery power, (e) hybrid electric propulsion 
options, and (f) fuel cells). We review recent studies 
to evaluate the environmental, performance, and 
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cost characteristics of fuel/propulsion technology 
combinations that are currently available or will be 
available in the next few decades. Only options that 
could power a significant proportion of the personal 
transportation fleet are investigated. Contradictions 
among the goals of customers, manufacturers, and 
society have led society to assert control through 
extensive regulation of fuel composition, vehicle 
emissions, and fuel economy. Changes in social 
goals, fuel-engine-emissions technologies, fuel 
availability, and customer desires require a 
rethinking of current regulations as well as the 
design of vehicles and fuels that will appeal to 
consumers over the next decades. The almost 250 
million light-duty vehicles (LDV; cars and light 
trucks) in the US and Canada are responsible for 
about 14% of the economic activity in these 
countries for the year 2002. These vehicles are 
among our most important personal assets and 
liabilities, since they are generally the second most 
expensive asset we own, costing almost $100 000 
over the lifetime of a vehicle. While an essential 
part of our lifestyles and economies, in the US, for 
example, the light-duty fleet is also responsible for 
42 000 highways deaths, and four million injuries 
each year, consumes almost half of the petroleum 
used, and causes large amounts of illness and 
premature death due to the emissions of air 
pollutants (e.g. nitrogen oxides, carbon monoxide, 
hydrocarbons and particles). The search for new 
technologies and fuels has been driven by 
regulators, not the marketplace. Absent regulation, 
most consumers would demand larger, more 
powerful vehicles, ignoring fuel economy and 
emissions of pollutants and greenhouse gases; the 
vehicles that get more than 35 mpg make up less 
than 1% of new car sales. Federal regulators require 
increased vehicle safety, decreased pollution 
emissions, and better fuel economy. In addition, 
California and Canadian regulators are concerned 
about lowering greenhouse gas emissions. Many 
people worry about the US dependence on imported 
petroleum, and people in both countries desire a 
switch from petroleum to a more sustainable fuel. 
4. Societal lifecycle costs of cars with alternative 
fuels/engines (Joan M. Ogden, Robert H. 
Williams, Eric D. Larson) 
Effectively addressing concerns about air pollution 
(especially health impacts of small-particle air 
pollution), climate change, and oil supply insecurity 
will probably require radical changes in automotive 
engine/fuel technologies in directions that offer both 
the potential for achieving near-zero emissions of air 
pollutants and greenhouse gases and a 
diversification of the transport fuel system away 
from its present exclusive dependence on petroleum. 
The basis for comparing alternative automotive 
engine/fuel options in evolving toward these goals 
in the present analysis is the ‘‘societal lifecycle 
cost’’ of transportation, including the vehicle first 
cost (assuming large-scale mass production), fuel 
costs (assuming a fully developed fuel 
infrastructure), externality costs for oil supply 
security, and damage costs for emissions of air 
pollutants and greenhouse gases calculated over the 
full fuel cycle. Several engine/fuel options are 
considered—including current gasoline internal 
combustion engines and a variety of advanced 
lightweight vehicles: internal combustion engine 
vehicles fueled with gasoline or hydrogen; internal 
combustion engine/hybrid electric vehicles fueled 
with gasoline, compressed natural gas, Diesel, 
Fischer–Tropsch liquids or hydrogen; and fuel cell 
vehicles fueled with gasoline, methanol or hydrogen 
(from natural gas, coal or wind power).To account 
for large uncertainties inherent in the analysis (for 
example in environmental damage costs, in oil 
supply security costs and in projected mass-
produced costs of future vehicles), lifecycle costs 
are estimated for a range of possible future 
conditions. Under base-case conditions, several 
advanced options have roughly comparable lifecycle 
costs that are lower than for today’s conventional 
gasoline internal combustion engine cars, when 
environmental and oil supply insecurity externalities 
are counted— including advanced gasoline internal 
combustion engine cars, internal combustion 
engine/hybrid electric cars fueled with gasoline, 
Diesel, Fischer–Tropsch liquids or compressed 
natural gas, and hydrogen fuel cell cars. The 
hydrogen fuel cell car stands out as having the 
lowest externality costs of any option and, when 
mass produced and with high valuations of 
externalities, the least projected lifecycle cost. 
Particular attention is given to strategies that would 
enhance the prospects that the hydrogen fuel cell car 
would eventually become the Car of the Future, 
while pursuing innovations relating to options based 
on internal combustion engines that would both 
assist a transition to hydrogen fuel cell cars and 
provide significant reductions of externality costs in 
the near term. 
5. A Hydrogen Fuelled Internal Combustion 
Engine Designed for Single Speed/Power 
Operation (Van Blarigan, J.O. Keller) 
Sandia National Laboratory is developing from first 
principles a hydrogen fuelled internal combustion 
engine for driving an electrical generator that can be 
utilized either as a stationary power set or the 
auxiliary power unit in a hybrid vehicle. The intent 
is to take advantage of hydrogen’s unique fuel 
characteristics and the constant speed characteristics 
of generator sets to maximize thermal efficiency 
while minimizing emissions. The current 
experiments utilize a flat cylinder combustion 
chamber shape with two ignition points at high 
(14:1) compression ratio. Emissions and indicated 
thermal efficiency measurements with fuels of 
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hydrogen, natural gas and a blend confirm low 
emissions and high thermal efficiency. CFD 
modelling done by Los Alamos National Laboratory 
(Los Alamos, NM) using their KIVA code is 
helping to further direct variations in the 
experimental design space 
6. Hydrogen engine: research and development 
(R&D) programmes in Indian Institute of 
Technology (IIT), Delhi (L.M. Das) 
Active research in the development of hydrogen-
fuelled low-emission engines is being pursued at the 
Engines and Unconventional Fuels Laboratory of 
the Indian Institute of Technology (IIT), for a period 
of close to two decades. This paper highlights the 
signi4cant pursuits and attainments of the research 
and development (R&D) activities carried out in 
IIT, Delhi on hydrogen-operated engines. Both 
spark ignition (SI) and compression ignition engine 
test rigs have been developed and instrumented for 
the use of hydrogen fuel. Several existing 
petroleum-fuelled engine con4gurations have been 
modi4ed by taking care to observe that the 
converted system does not need substantial 
hardware modi4cations. Various fuel induction 
techniques have been experimentally evaluated 
keeping in view the temperamental combustion 
characteristic of this fuel. Curative and preventive 
steps have been adopted and suitable retro4ts and 
subsystems have been installed at the appropriate 
locations to preclude the possibility of any 
undesirable combustion phenomena such as 
back4re, knocking and rapid rate of pressure rise. 
Performance, emission and combustion 
characteristics of the systems have been determined. 
It has been observed that an appropriately designed 
timed manifold injection system can overcome the 
problem of back4re in a hydrogen engine. NOx 
emission level from a hydrogen-operated SI engine 
can be drastically reduced by way of lean engine 
operation 
7. Safety measures associated with the operation 
of engines on various alternative fuels (G. A. 
Karim, I. Wierzba, 1991) 
This paper reviews the safety of the operation of 
conventional engines on various alternative fuels. It 
is shown that methane in the form of compressed 
natural gas (CNG) is a safer engine fuel than 
common gasoline or other alternative fuels such as 
propane or hydrogen. The paper also describes the 
safety procedures adopted in the design and 
operation of a conventional laboratory engine on 
rich mixtures of methane and oxygen enriched air 
for hydrogen and synthesis gas (i.e. CO + H2) 
production. 
8. Life cycle model of alternative fuel vehicles: 
emissions, energy, and cost trade-offs (Jeremy 
Hackney, Richard de Neufville, 1999) 
This paper describes a life cycle model for 
performing level-playing field comparisons of the 
emissions, costs, and energy efficiency trade-offs of 
alternative fuel vehicles (AFV) through the fuel 
production chain and over a vehicle lifetime. The 
model is an improvement over previous models 
because it includes the full life cycle of the fuels and 
vehicles, free of the distorting effects of taxes or 
differential incentives. This spreadsheet model 
permits rapid analyses of scenarios in plots of trade-
of curves or efficiency frontiers, for a wide range of 
alternatives with current and future prices and levels 
of technology. The model is available on request. 
The analyses indicate that reformulated gasoline 
(RFG) currently has the best overall performance for 
its low cost, and should be the priority alternative 
fuel for polluted regions. Liquid fuels based on 
natural gas, M100 or M85, may be the next option 
by providing good overall performance at low cost 
and easy compatibility with mainstream fuel 
distribution systems. Longer term, electric drive 
vehicles using liquid hydrocarbons in fuel cells may 
offer large emissions and energy savings at a 
competitive cost. Natural gas and battery electric 
vehicles may prove economically feasible at 
reducing emissions and petroleum consumption in 
niches determined by the unique characteristics of 
those systems. 
9. Fuel Properties of Hydrogen, Liquefied 
Petroleum Gas (LPG), and Compressed 
Natural Gas (CNG) for Transportation (Ayhan 
Demçirbas, 2001) 
Hydrogen has been suggested as a convenient, 
clean-burning fuel. Hydrogen gas may be stored as a 
compressed gas or as a liquid. Hydrogen has good 
properties as a fuel for internal combustion engines 
in automobiles. Worldwide-liquefied petroleum gas 
(LPG) production is limited to about 10% of total 
gasoline and diesel fuel consumption and is used to 
a great extent for domestic and industrial purposes. 
Since LPG burns cleaner with less carbon build-up 
and oil contamination, engine wear is reduced and 
the life of some components such as rings and 
bearings is much longer than with gasoline. The 
high octane of LPG also minimizes wear from 
engine knock. Natural gas is widely available. CO2 
emission of natural gas is lower than both diesel fuel 
and gasoline, which makes natural gas engines 
favourable also in terms of the greenhouse effect. 
Positive contribution of compressed natural gas 
(CNG) on environmental pollution must also be 
considered in economical aspects. 
10. Performance Study Using Natural Gas, 
Hydrogensupplemented Natural Gas And 
Hydrogen In Avl Research Engine (B. 
Nagalingam, F. Duebel, K. Schmillen, 1983) 
In the future, hydrogen will be required to 
supplement and eventually replace a rapidly 
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diminishing natural gas resource for stationary type 
combustion engines. Combustion properties, knock 
rating, engine performance and emissions of 
methane (the chief constituent of natural gas) and 
hydrogen are different as engine fuels. In the present 
work, investigations were carried out to obtain data 
on engine performance, fuel economy and 
emissions, using natural gas, hydrogen-
supplemented natural gas (methane) and hydrogen 
in AVLt research engine. Investigations were also 
carried out to suppress flashback and to reduce nitric 
oxide emissions at different operating conditions, by 
water induction into the hydrogen-air mixture in the 
intake manifold for a hydrogen fueled engine 
11. Experimental Study of A Clean Burning 
Vehicle Fuel (R. L. Hoekstra, K. Collier, N. 
Mulligan, L. Chew, 1995) 
Preliminary research into the advantages of 
hydrogen-enriched compressed natural gas (CNG) 
as a motor fuel has been conducted. The objective of 
this research was to determine if the lean limit of 
CNG could be extended by the introduction of 
hydrogen. The hypothesis, based on previous 
research, was that the leaner the engine could be run 
without going into lean misfire, the lower the NO, 
would be while only incurring moderate increases in 
the hydrocarbons. The result of the tests 
demonstrated that extremely low levels of NO, are 
possible with acceptably moderate increases in 
unburned hydrocarbons using 28 and 36% hydrogen 
supplementation. 
12. Knock Characteristics of Dual-Fuel Engines 
Fuelled with Hydrogen Fuel (Z. Liu, G. A. 
Karim, 1995) 
The effects of the admission of hydrogen and its 
blends with methane on the knock characteristics 
and operation of a dual-fuel engine are examined 
through modelling in detail the chemical reaction 
activity of the preignition and subsequent 
combustion processes. Predicted values are then 
compared with corresponding experimental 
performance. It is shown that the knocking 
characteristics of hydrogen and some of its blends 
with methane tend to be markedly different from 
those encountered with other; gaseous fuels. Care is 
needed when operating dual-fuel engines on 
hydrogen because of the relatively wide knocking 
regions associated with such operation. 
13. Methane-Hydrogen Mixtures As Fuels (G. A. 
Karim, I. Wierzba, Y. Al-Alousi, 1995) 
Review is made of the effects of the presence of 
some hydrogen with methane on the main 
combustion characteristics of the fuel for engine 
applications. It is shown experimentally that the 
performance of a single cylinder spark ignition 
engine fuelled with methane can be improved 
significantly through mixing some hydrogen with 
the methane. 
14. Comparison of Emissions and Efficiency of a 
Turbocharged Lean-Burn Natural Gas and 
Hythane-Fueled Engine (J. F. Larsen, J. S. 
Wallace, 1997) 
An experiment was conducted to evaluate the 
potential for reduced exhaust emissions and 
improved efficiency, by way of lean-burn engine 
fuelling with hydrogen supplemented natural gas 
(Hythane). The emissions and efficiency of the 
Hythane fuel (15 percent hydrogen, 85percent 
natural gas by volume), were compared to the 
emissions and efficiency of pure natural gas using a 
turbocharged, spark ignition, 3.1 L, V-6 engine. The 
feasibility of heavy duty engine fueling with 
Hythane was assessed through testing conducted at 
engine speed and load combinations typical of 
heavy-duty engine operation. Comparison of the 
efficiency and emissions at MBT spark timing 
revealed that Hythane fueling of the test engine 
resulted in consistently lower, brake specific energy 
consumption and emissions of total hydrocarbons 
(THC), carbon monoxide (CO), and carbon dioxide 
(C02), at a given equivalence ratio. There was no 
clear trend with respect to MBT oxides of nitrogen 
(NOx) emissions. It was also discovered that an 
improved NOx-THC tradeoff resulted when 
Hythane was used to fuel the test engine. 
Consequently, Hythane engine operating parameters 
can be adjusted to achieve a concurrent reduction in 
NOx and THC emissions relative to natural gas 
fueling. 
15. A kinetic examination of the effects of the 
presence of some gaseous fuels and preignition 
reaction products with hydrogen in engines (Y 
K Wong, G A Karim) 
The paper describes the results of an analytical 
approach that models in full the reaction rate 
development in a motored engine of fuel mixtures of 
hydrogen with methane and propane in air while in 
the presence of exhaust gas recirculation[ It is 
shown that the presence of these fuels with 
hydrogen can modify significantly the rates of 
reactions leading to autoignition which control the 
tendency of spark ignition engines to knock[ It is 
also shown that some exhaust gas recirculation can 
modify significantly the autoignition behaviour of 
hydrogen and its mixtures with methane or propane 
in engines. 
16. Hydrogen as an additive to methane for spark 
ignition engine applications (S.O. Bade 
Shrestha, G.A. Karim, 1999) 
The performance of a gas fuelled spark ignition 
engine is enhanced when relatively small amounts 
of hydrogen are present with methane. This 
improvement in performance, which is especially 
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pronounced at operational equivalence ratios that 
are much leaner than the stoichiometric value, can 
be attributed largely to the faster and cleaner 
burning characteristics of hydrogen in comparison 
to methane. Through analytical simulation of engine 
performance, the addition of hydrogen is considered 
through its production in situ on board the engine by 
electrolysis of water with the necessary energy 
supplied from engine power. It is shown that when 
the work energy required for the production of 
hydrogen by electrolysis is taken into account, the 
range of viable operation of such an engine is very 
narrow. This would render the whole concept of in 
situ hydrogen production through water electrolysis 
uneconomical in conjunction with engine operation, 
even though the presence of additional oxygen 
produced with the hydrogen tends, in principle, to 
improve engine performance beyond that observed 
with hydrogen addition. 
17. Combustion and emissions in a methane DI 
stratified charge engine with hydrogen pre-
mixing (Toshio Shudo, Kazuki Shimamura, 
Yasuo Nakajima, 1999) 
Characteristics of combustion and emissions in a 
methane direct injection stratified charge engine 
premixed with hydrogen lean mixture were 
analysed. Results showed the combustion system 
achieved a higher thermal efficiency due to higher 
flame propagation velocity and lower exhaust 
emissions. An increase in the amount of premixed 
hydrogen stabilizes the combustion to reduce HC 
and CO exhaust emission, and increases the degree 
of constant volume combustion and NOx exhaust 
emission. The increase in NOx emission can be 
maintained at a lower level with retarded ignition 
timing without deteriorating the improved thermal 
efficiency. 
18. Effect of hydrogen addition on the performance 
of methane-fueled vehicles. Part I: effect on 
S.I. engine performance (C.G. Bauer, T.W. 
Forest, 2001) 
Mixtures of hydrogen and natural gas are considered 
viable alternative fuels to gasoline due to lower 
overall pollutant emissions but suffer from problems 
associated with on-board storage resulting in limited 
vehicle range. To date, vehicle engines have run on 
Hythane using a fixed hydrogen–natural gas fraction 
of 20% and fixed air-to-fuel ratio but it may be 
possible to leverage greater advantage from 
hydrogen addition due to its unique lean-burn 
properties. This study presents the results of a one-
cylinder CFR engine test with mixtures of hydrogen 
in methane of 0, 20, 40 and 60% by volume. Each 
fuel was tested at speeds of 700 and 900 rpm, full 
and part loads, and equivalence ratios from 
stoichiometric to the partial burn limit. These results 
are used in a driving cycle simulation which is 
presented in a companion paper. 
19. Hydrogen as a spark ignition engine fuel 
(Ghazi A. Karim, 2002) 
Review is made of the positive features and the 
current limitations associated with the use of 
hydrogen as a spark ignition engine fuel. It is shown 
that hydrogen has excellent prospects to achieve 
very satisfactory performance in engine applications 
that may be superior in many aspects to those with 
conventional fuels. A number of design and 
operational changes needed to e/ect the full potential 
of hydrogen as an engine fuel is outlined. The 
question whether hydrogen can be manufactured 
abundantly and economically will remain the 
limiting factor to its widespread use as an S.I. 
engine fuel in the future. 
20. Development of A Low-No, Truck Hydrogen 
Engine with High Specific Power Output 
(Rainer Jorach, Christian Enderle Ralf Decker.  
1998) 
The charged hydrogen engine with internal mixture 
formation as part of the HYPASSE (Hydrogen 
Powered Automobiles using Seasonal and weekly 
Surplus of Electricity) project will be presented. 
With direct hydrogen injection it is possible to solve 
the problems of hydrogen engines with external 
mixture formation, those problems are knocking, 
glow ignition during compression stroke and 
backfiring past the intake valve. With the internal 
mixture formation system, the volumetric efficiency 
and the power output is equal to that of a diesel 
engine. To obtain low NO, emissions it is necessary 
to operate the H, -engine at excess air ratios i, > 2 by 
means of turbocharging. The discrepancy between 
late high-pressure injection together with diffusion 
flame propagation and early injection, i.e. to obtain 
a more homogeneous internal mixture formation, is 
studied by operating a single cylinder research 
engine 
21. Modern and Prospective Technologies for 
Hydrogen Production from Fossil Fuels 
(Meyer Steinber, Hsing C. Cheng, 2003) 
A study is presented assessing the technology and 
economics of hydrogen production by conventional 
and advanced processes. Six conventional processes 
are assessed: (1) steam reforming of natural gas, (2) 
partial oxidation of residual oil, (3) gasification of 
coal by the Texaco process, (4) gasification of coal 
by the Koppers-Totzek process, (5) steam-iron 
process and (6) water electrolysis. The advanced 
processes include (1) high temperature electrolysis 
of steam, (2) coal gasification and electrochemical 
shift, (3) integrated coal gasification and high 
temperature electrolysis, (4) thermal cracking of 
natural gas and (5) the HYDROCARB thermal 
conversion of coal. Thermochemical water splitting, 
high energy nuclear radiation, plasma and solar 
photovoltaic-water electrolysis and by-product 
hydrogen from the chemical industry are also briefly 
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discussed. It is concluded that steam reforming of 
methane is the most economic near-term process 
among the conventional processes. Processes based 
on conventional partial oxidation and coal 
gasification are two to three times more expensive 
than steam reforming of natural gas. New gas 
separation processes, such as pressure swing 
adsorption, improve the economics of these 
conventional processes. Integration of hydrogen 
production with other end-use processes has an 
influence on the overall economics of the system. 
The advanced high temperature electrochemical 
systems suffer from high electrical energy and 
capital cost requirements. The thermochemical and 
high energy water splitting techniques are inherently 
lower in efficiency and costlier than the thermal 
conversion processes. The thermal cracking of 
methane is potentially the lowest cost process for 
hydrogen production. This is followed closely by 
the HYDROCARB coal cracking process. To reach 
full potential, the thermal cracking processes depend 
on taking credit for the clean carbon fuel by-
product. As the cost of oil and gas inevitably 
increases in the next several decades, emphasis will 
be placed on processes making use of the world's 
reserve of coal. 
22. High-Temperature Steam Electrolysis" 
Technical and Economic Evaluation Of 
Alternative Process Designs (M. A. Liepa, A. 
Borhan, 1985) 
A high-temperature water-vapour electrolysis (HTE) 
unit operating at an average temperature of 1000°C 
was integrated into a preliminary process design 
using electrical and thermal energy derived from 
coal. Process variations with either steam or water 
feeds under isothermal or non-isothermal HTE 
operation were considered. Operating and capital 
costs were estimated for each process flowsheet, 
with the lowest costs being obtained for operation 
with high steam conversions in the electrolyser. 
Estimated H2 production costs were compared with 
estimates obtained from the literature for other H2 
production processes. The estimated HTE H2 
production costs ranged from $0.17 to $0.22 
standard m -3 H2 produced ($13-17 GJ 1 using the 
higher heating value), assuming $1.90 GJ -1 for 
thermal energy and $13.90 GJ -1 for electrical 
energy. 
23. Comparison Of The Renewable 
Transportatio~N Fuels, Liquid Hydrogen And 
Methanol, With Gasoline-Energetic And 
Economic Aspects (M. Specht,  F. Staiss, 
 A. Bandi,  T. Weimer, 1998) 
In this paper, the renewable energy vectors liquid 
hydrogen (LH2) and methanol generated from 
atmospheric CO2 are compared with the 
conventional crude oil-gasoline system. Both 
renewable concepts, liquid hydrogen and methanol, 
lead to a drastic CO, reduction compared to the 
fossil-based system. The comparison between the 
LH, and methanol vector for the transport sector 
shows nearly the same fuel cost and energy 
efficiency but strong infrastructure advantages for 
methanol.  
24. Technology Assessment Of Advanced 
Electrolytic Hydrogen Production (S. Dutta, 
1989) 
A comprehensive and critical assessment of the pros 
and cons of the most promising advanced 
technologies for electrolytic hydrogen production is 
presented. Recommendations are made on the areas 
in need of major technical developments, 
particularly from the point of view of large-scale 
commercialization. 
25. When Will Electrolytic Hydrogen Become 
Competitive?  (Jeremy Hackney, Richard De 
Neufville, 2003) 
The potential role of electrolytic hydrogen in 
Canada is assessed for the period 1980-2025 for 
largescale uses only. For such uses, the hydrogen 
will be derived from natural gas, coal or electrolysis 
of water in Canada during the period of interest. 
Cost estimates of electrolytic hydrogen are obtained 
from a parametric equation. Values for Canada's 
unique unipolar water electrolysis technologies are 
compared with those for bipolar electrolysers. Both 
by-products of electrolytic hydrogen production, 
namely heavy water and oxygen, are evaluated. Cost 
projections for hydrogen derived from natural gas 
and coal, and for electrolytic hydrogen are based on 
simple but realistic assumptions. All cost data are 
given in constant 1980 Canadian dollars. 
Electrolytic hydrogen, based on non-fossil primary 
energy sources, is also considered as another "liquid 
fuel option" for Canada along with the alcohols. The 
market potential for hydrogen in general is assessed 
based on a reference and a higher use scenario for 
both the traditional and potential uses of hydrogen. 
From cost estimates and market assessments the 
potential demand for electrolytic hydrogen is 
estimated for the period in question. Results show 
that the market potential for electrolytic hydrogen 
will be large by the year 2025. 
II. CONCLUSION 
In this study, a survey of research papers on 
utilization of natural gas–hydrogen mixtures in 
internal combustion engines is carried out. There are 
a number of key areas surrounding this question, 
three of which are safety, economics and efficiency 
and emissions. Each of these issues was examined 
using the available literature. It can be seen that it is 
only with emissions that a clear difference appears 
and then hydrogen shows an advantage over 
methanol. This literature study will help any 
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researcher to do further research easily by following 
all papers collected and listed under reference. 
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